Fine sediments are known to be an important cause of increased mortality in benthic 8 spawning fish. To date, most of the research has focussed on the relationship 9 between embryo mortality and the quantity of fine sediment accumulated in the egg 10 pocket. However, recent evidence suggests a) that the source of fine sediment might 11 also be important, and b) that fitness of surviving embryos post-hatch might also be 12
Introduction 28
Excess fine sediment in watercourses (defined in this paper as <63 µm ) above 29 natural background levels, is recognised as a pollutant, with important consequences total wet mass and wet yolk sack mass were weighed using a Mettler Toledo AB204-256 5 balance accurate to 0.0001 g. Each alevin was also measured for length using a 257
Nikon E100 microscope at 50x magnification. Errors in length measurement were 258 checked by repeat measurement and found to be <0.1 mm. 259
260
After removal of the eggs and alevin, the sediment from each basket was wet sieved 261 through a 63 µm sieve and dried to constant mass. The mass of fine sediment <63 262 µm and > 63 µm was recorded for each basket. Organic matter content of the <63 263 µm fraction was determined through loss on ignition (LOI). Samples for LOI were wet 264 sieved to less than 63 µm and oven dried. Crucibles and samples were weighed 265 before and after heating in a carbolite furnace for 2 hours at 550°C. To determineabsolute particle size distributions, a single sample of sediment from each tank was 267 sieved at 63 µm using tap water. The <63 µm fraction was retained and dispersed in 268 a 0.05% sodium hexametaphosphate solution. Samples were subsequently 269 ultrasonicated in order to ensure that particles were in suspension. The sediment 270 samples were vigorously shaken and a 30 mL aliquot was used for the grain size 271 measurement. The aliquot was then agitated for 1 hour prior to measurement on a 272 shaker bed. Measurements were made in triplicate, using a Malvern Mastersizer 273
274 275

Statistical Analyses 276
Although treatments were applied to each basket independently and data from each 277 basket handled separately in the statistical analysis, each set of 10 baskets was 278 nested within a single tank making it potentially difficult to separate any effect of the 279 tank from that of the treatment. This design was chosen as there was a significant 280 concern that we would not be able to apply different levels of sediment treatment to 281 individual baskets randomly within tanks without the treatment applied to one basket 282 potentially affecting neighbouring baskets in some way (particularly where large 283 amounts of organic sediments were added), which would tend to homogenize the 284 treatments. Therefore, we opted for a less statistically robust design (i.e. all baskets 285 within a tank received the same treatment) which gave us more confidence that the 286 baskets would experience the desired treatment. To determine if the tanks had any 287 effect, eight control tanks, to which no sediment was added, were included in the 288 range of treatments tested (see above). These were located at the start and end of 289 each line of tanks to capture any variation based on distance along the line of 290 replicated tanks (Figure 1) . 291 of sediment source and quantity, and interactions between these effects on specific 294 response variables of the two fish species using SAS 9.1. Sediment source (d.f. 3) 295 and fish species (d.f. 1) were included as fixed main factors, whereas mass of 296 sediment added (d.f. 1) and mass of sediment recovered (d.f. 1) were included as 297 continuous variables (d.f. 1). The ANCOVA model was species|source|mass. If 298 effects were significant, pairwise comparisons were performed for the class effects 299 species and source using post hoc tests (Tukey's HSD). Significance was set at 0.05 300 in all tests. An initial test was undertaken using both the mass of sediment and mass 301 of organic matter recovered from the baskets as response variables (model = 302 species|source|mass added), to verify that the experimental addition of sediment had 303 been successful. Where sub-lethal measures of alevin performance were used, 304 individuals were nested within the baskets they were incubated in, and basket (d.f. 9) 305 and individual treated as random variables (model = species|source|mass basket 306 individual(basket)). Type III (orthogonal) sums of squares used throughout as these 307 are more appropriate for unbalanced designs and for the assessment of interactions 308 among variables. All data were either arcsine (e.g. % survival) or log transformed to 309 ensure homoscedasticity when necessary. 310
311
It should be noted that in our experimental design, to avoid homogenization of 312 treatments, all the replicates of each sediment source x mass treatment were 313 contained within an individual tank. Hence, any potential effect of the tanks was 314 confounded with treatment. To test for any effect of tank, for each response variable 315 a separate GLM analysis was conducted on the control tanks (n = 4 for each species) 316 to which no sediment was added. Here, the effect of the tanks was compared to the 317 effects of the baskets and, for sub-lethal effects, individuals. In these analyses tankconsidered, a further level of hierarchical nesting was included, with individual alevins 321 a random effect nested within baskets (model = species|tank basket(tank) 322 individual(basket)). Where these analyses indicated no significant effect of tank it 323 was assumed that tank had no influence and the replicates of each treatment were 324 assumed independent of tank. 325
326
Where an effect of sediment source on the fish was detected, a further test was 327 undertaken using mass of organic matter recovered (as a continuous variable, d.f. 1), 328 to determine if any effect was attributable to differences in the organic content of 329 sampled material collected from the different catchment sediment sources. In this 330 case the model was as above, but with organic mass recovered from each basket 331 used rather than the mass of sediment added. 332
333
Results
334
Characterising Sediment Sources 335
In this analysis, the characteristics of the source material pertinent to the incubation 336 experiment included absolute particle size, organic matter content and for the first 337 time, sediment oxygen demand (SOD both 5 day (labile) and 20 day (refractory)). 338 SOD has been highlighted by Greig et al. (2005b) as influencing the oxygen supply 339 rate to incubating embryo. Physical differences between the study catchment 340 sediment source materials are shown in potential cause of deterioration in water quality. All eggs recovered from these tanks 358 were found to be dead. Water quality in the recirculation facility continued to remain 359 below critical levels across all replicated tanks for both species. 360 361 A short (<12 hour) increase in turbidity occurred in tanks when sediment was being 362 injected, replicating the pulse of sediment delivery that occurs during natural flood 363 events in river catchments. During sediment injection all fine sediment was contained 364 within the tank being treated, ensuring that baskets in each tank received the same 365 treatment, but no between-tank physical effects of sediment injection were incurred. 366
Water temperature varied with diurnal fluctuations in air temperature, but within a 367 range that was below critical for salmonids (Crisp 1990) . 368 369 GLM tests indicated that the sediment injection procedure was successful in 370 producing the target treatment levels within the egg baskets (Table 3, Figure 2 ). The 371 mass of sediment recovered from the egg baskets did not differ significantly among 372 treatments with different fish species or sediment sources, but did differ in a highlysignificant manner with the mass added (p < 0.0001). The interaction between 374 sediment source and mass added was not significant at the 5% level. The mass of 375 organic matter recovered from the egg baskets did not differ significantly among 376 treatments with different fish species, but again did differ significantly with the mass 377 of sediment added (p < 0.0001). In contrast to the total mass of sediment recovered 378 from the egg baskets, there were highly significant differences in the mass of organic 379 matter recovered among the sediment sources, and with the interaction of sources 380 and mass added (Table 3 ), reflecting differences in the characteristics of the 381 sediment added (see Table 2 ). Thus, we are confident that the individual baskets in a 382 tank were replicated (i.e. no significant difference in the mass of organic matter or 383 total mass of sediment between baskets in a given tank) but there was a significant 384 difference between tanks (treatments). 385 386
Sediment, Mortality and Survival 387
A GLM test using data from the control tanks indicated a significant difference in 388 survival of the two fish species, but no effect of the tanks or individual egg baskets 389 within the tanks (Table 4A , Figure 3a ). Mean mortality of brown trout in the egg 390 baskets in the absence of any additional fine sediment was 9.9% whereas for Atlantic 391 salmon it was 74%. The cause of the increased mortality in salmon resulted from the 392 process of transfer from the hatchery to the Chilworth hydraulics laboratory since all 393 physical variables within the facility were well within published tolerances of the 394 particular species, and in previous experiments, survival had been good (>89%) and 395 control batches at the hatchery showed 10.2% mortality for Atlantic salmon and 2.1% 396 for the brown trout. This difference in survival between species was controlled for in 397 subsequent GLM modelling by including species as a main factor. The results thussignificant interaction with other factors, the inclusion of species in the model 400
indicates that the species are reacting differently to the other factors. 401
402
In addition to the difference in mortality between Atlantic salmon and brown trout, the 403 GLM analysis of the experimental addition of fine sediment indicated significant 404 effects of different sediment sources and of the mass added, together with 405 interactions between mass added and species, mass added and sediment source, 406 and mass added, species and sediment source (Table 4B, Figure 3a and 3b ). Figure  407 3a shows how the response of trout differs from Atlantic salmon; while both species 408
show an increase in mortality with increasing fine sediment load, trout show a rapid 409 increase in mortality between 1% and 6% wet mass. Average mortality of salmon 410 eggs increases almost linearly between 1% and 9% wet mass added but, 411 unaccountably, mortality decreases after 9%. 412
413
Tukey's test indicated that mortality was significantly higher with STW sediment 414 compared to all other sources. Furthermore, STW sediment caused an increase in 415 mortality at lower added mass than other sources, whilst damaged road verge 416 material caused the next highest mortality for Atlantic salmon. Complete mortality of 417 both species occurred in the tanks containing >3% by mass STW loadings, which 418 were isolated and closed down earlier in the experiment than the remaining 419 treatments. In addition, there was a significant difference in the response of the two 420 fish species to the mass added of different sources (species*source*mass); a lower 421 mass of STW and damaged road verge sediment was required to cause an increase 422 in mortality for Atlantic salmon than for brown trout (Figure 3b) . 423
424
When the mass of organic matter recovered was included as a covariable in the GLM 425 analysis (rather than mass added), the effects of species, source and their interactionon mortality remained significant (Table 4C ). There was also a highly significant 427 effect of organic matter and a significant interaction between organic matter and 428 species. However, when the mass of organic matter recovered was included with 429 source (i.e. Organic*Source and Organic*Species*Source), the interactions were not 430 significant. In other words, although there were differences in mortality with different 431 sources, the mass of organic matter recovered was sufficient to explain the 432 differences in mortality between the different sediment sources. 433 434
Sub-lethal affects on Alevin 435
The data from the control tanks again indicated that there was no effect of the tanks 436 or individual egg baskets within the tanks on the three indicators of alevin fitness 437 used, namely; wet mass, length and wet yolk sack mass (Table 5A ). For all 438 measures of alevin fitness the differences between the egg baskets and between 439 individuals within egg baskets were not statistically significant. 440
441
The GLM analysis of the experimental addition of fine sediment mass indicated 442 significant differences between the two fish species (Table 5B) , with brown trout 443 overall lighter (0.0922±0.0144 g cf 0.0949±0.0102 g) and shorter (16.01±0.05 mm cf 444 16.97±0.04 mm) and with more yolk sac (0596±0.0006g cf 0.0568±0.0004g) than 445
Atlantic salmon for the same relative incubation time (defined by degree days to 50% 446 hatch in the surface egg baskets). Accounting for the inter-species difference in 447 alevin mass, there were significant differences in the mass of alevin exposed to 448 different sources and masses of injected sediment (Table 5B, Figure 4a and 4d) ; the 449 more sediment added, the smaller the mass of alevin. The interactions between 450 species and mass of sediment added, and species and source were not significant 451 (Table 5B ), indicating that alevin mass of both species reacted similarly to the mass 452 of sediment added (Figure 4a ) and the different sources (Figure 4d ).more pronounced reduction in alevin mass with increasing mass of STW sediment 456 added compared to the other sources. A similar response was seen in the mass of 457 yolk sac, with the exception that the interaction between mass of sediment added 458 and source was not significant (Table 5B) .
466
When the mass of organic matter recovered from the egg baskets was included in 467 the GLM model rather than the mass of sediment added, the differences between 468 sources of sediment were not significant for alevin length, not significant for yolk sac 469 mass, and significant for alevin mass (Table 5C) . A significant effect of mass of 470 organic matter recovered was apparent for all three measures of alevin fitness, with 471 all three measures declining with increasing mass of organic matter. However, the 472 interaction between the mass of organic matter recovered from the baskets and 473 sources was not significant (Table 5C ), indicating that the mass of organic matter 474 recovered was sufficient to explain the differences among the sediment sources. resulting in a lower probability of encountering an egg, or a micropore on the egg 498 surface. We demonstrate that in the absence of sand sized particles, concentrations 499 of silt/clay of only 3% by mass result in deleterious effects on both egg mortality and 500 alevin fitness, and that the effect is non-linear in both salmonid fish species. 501 502 Higher sediment load was shown to affect alevin fitness in both brown trout and 503 Atlantic salmon. As sediment mass increased, salmon and trout alevin were lighter, 504
shorter and, in salmon, had a smaller yolk sack mass, whilst in trout, after 6% wet 505 mass of sediment was added, the reduction in yolk sac mass was smaller. Whilst this 506 partly agrees with previous studies of salmonid species, our observation of reducedegg yolk mass runs counter to previous research. Harmor and Garside (1977) , either of these strategies, and their fitness is therefore sub-optimal compared to 529 those incubated in the control treatments. 530
531
The results permit for the first time, comparison between the response of two 532 common salmonid species. The results show that response to sediment load and 533 sediment source are broadly similar between species but with some speciesspecificity; brown trout show a change in response to fine sediment mass at around 535 6% per sediment wet weight. After 6%, rates of mortality, alevin and yolk sac mass 536 loss all decrease, whilst rate of shortening decreases. For Atlantic salmon, such 537 trends are less obvious, but at 9% by wet mass of fines in spawning gravels, rate of 538 mortality decreases and loss of alevin mass increases, whilst rates of change in 539 length and yolk sac mass remain constant. The results show that Atlantic salmon are 540 more sensitive to catchment sediment sources with higher organic matter content 541 than brown trout. The physiological reason for this remains uncertain but may relate 542 to the larger mass of Salmon eggs relative to trout that has been shown to influence 543 oxygen consumption (Einum et al., 2002) and therefore the demand for oxygen from 544 the surrounding spawning habitat. 545
546
For the first time, we report that the source of the fine sediment is a control on 547 embryo mortality and the development of pre-emergence alevin. Of the sediment 548 sources used, STW final treated solids and damaged road verge sediments showed 549 the strongest effects on survival and measures of alevin fitness. The organic matter 550 content of both of these sediment sources sampled in the River Ithon study 551 catchment are high and the resulting oxygen demands (SOD 5 day) exerted by the 552 decomposition of the organics are also the highest of all the sediment sources. We 553 found that the difference in embryo survival and Alevin characteristics between 554 catchment sediment sources was explained by the mass of organic matter 555
recovered. Grieg et al (2005a) highlight how the sediment oxygen demand competes 556
with the egg oxygen demand to lower the oxygen supply rate to embryo, whilst Louhi 557 et al. (2011) found that survival of brown trout was correlated to the mass of fine 558 organic matter. Since organic matter content has been shown in these experiments 559 to have a significant effect on alevin fitness, we hypothesize that this is the main 560 mechanism controlling the effects observed for both species of salmonids incubatedin STW and damaged road verge sediment. Here, using a preliminary experiment, 562
we have demonstrated an effect of STW sediment at levels as low as 1% by mass of 563 spawning gravels. Thus, highly organic matter from STWs will be deleterious to 564 benthic spawning salmonids, even at low levels of accumulation in spawning gravels, 565 though less so for brown trout. The implications are that organic matter type (since 566 organic matter is found in all sediment sources) as well as quantity will be an 567 important control on the SOD of infiltrated sediments within salmon redds or the 
